Electron beam induced current (EBIC) measurements were carried out in situ in the scanning electron microscope on free-standing GaAs/Fe core-shell nanowires (NWs), isolated from the GaAs substrate via a layer of aluminum oxide. The excess current as a function of the electron beam energy, position on the NW, and scan direction were collected, together with energy dispersive x-ray spectroscopy. A model that included the effects of beam energy and Fe thickness predicted an average collection efficiency of 60%. Small spatial oscillations in the EBIC current were observed, that correlated with the average Fe grain size (30 nm). These oscillations likely originated from lateral variations in the interfacial oxide thickness, affecting the resistance, barrier potentials, and density of minority carrier recombination traps.
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Introduction
Electron-beam-induced conductivity or current (EBIC) microscopy is a well-known method for investigating electrical properties of optoelectronic devices [1] [2] [3] [4] [5] . Properties including carrier concentration, and diffusion lengths, and densities of dislocations in planar GaAs devices have been intensely studied by employing EBIC measurements [6] [7] [8] [9] . More recently, GaAs nanowires (NWs) have been showing enormous potential for applications such as waveguides [10] , solar cells [11] , light emitting diodes (LEDs) [12] and transistors [13] . EBIC microscopy is ideal for detecting the local electronic behavior in such nanostructures, complementing macroscopic characterization techniques.
Investigating minority carrier diffusion length, L, using EBIC is an important application of the technique and a basic junction characteristic [14, 15] . Usually, these measurements involve the fabrication of patterned, evaporated contacts via e-beam lithography. A simpler approach for NWs, free from lithography and associated risks of contamination, is to utilize the existing growth catalysts as one of the EBIC contacts, to measure free-standing NWs directly, while still attached to the substrate. Inside the SEM the top of each NW was contacted with a fixed W probe. In this way, L from Au/GaAs contacts was directly measured with values that were 60-120nm [16] , lower than that of the bulk GaAs due to the surface recombination [17] . Compared to axial junction NWs, core-shell NWs provide larger effective surface areas and hence could be useful in LEDs and solar cells. EBIC measurements and analysis have been reported on p-n junction InGaN/GaN core-shell NWs, as a function of applied bias, and accelerating voltage [18] . They have also been obtained from cross-sectional, core-shell NWs that were cleaved along their growth axis [19] .
In this work, we have applied EBIC measurements to the study of GaAs/Fe, core/shell contacts grown via electrodeposition onto Al 2 O 3 -isolated GaAs NWs. The NWs were synthesized via a combined process involving atomic-layer deposition (ALD) of the oxide isolation layer and metalorganic vapor-phase epitaxy (MOVPE) growth of the GaAs NW. The thin Al 2 O 3 shell covers the bottom portion of the GaAs NW as well as the substrate, preventing parasitic junctions from forming between the metal shell and the substrate [20] . The fabrication of Fe shells was carried out via a electrochemical method, free from lithography and electrically selective. The planar GaAs/Fe heterostructure is an interface with demonstrated spin injection capabilities [21] .
EBIC measurements were carried out on free-standing NWs, in situ in the SEM contacted via a fixed W probe. The radial minority carrier transport properties of the GaAs NWs were obtained as a function of position along the NW, including the pedestal portion underneath the Al 2 O 3 isolation layer. The homogeneity of the dopant was confirmed by scanning with a high energy beam (e.g. 10 and 15 keV). A non-uniform beam energy distribution model was employed to estimate the generation rates and minority carrier densities for different energy beams. An average collection efficiency was then obtained by simulating the EBIC current. The EBIC signal was also found to be spatially periodic, likely associated with variations in interfacial electronic structure.
Although there have been numerous reports of experiments carrying out EBIC measurements on different nanostructures, our work is the first to report EBIC measurements from conformal NW core/shell GaAs/Fe contacts, potentially useful as spin-injectors. This paper also provides fundamental understandings of radial transport properties of minority carriers and reveals the sensitivity of EBIC signals to changes at core/shell NW interfaces.
Experimental procedures
N-type GaAs (111) NWs were grown via a vapor-liquidsolid approach using Au nanoparticles [20] . An average thickness of 5.5nm Au was first evaporated onto a Si-doped GaAs (111)B-oriented substrate and annealed at 450°C under H 2 and tertiarybutylarsine (TBAs) to form Au-Ga nanoparticles. GaAs NW pedestals were then grown, to approximately 1 μm in length, in a vertical showerhead MOVPE reactor. This growth took place at a total pressure of 50 Torr, a temperature of 400°C and under a total gas flow rate of 3 L min −1 . The source gases were trimethylgallium (TMGa) and TBAs, with molar flows of Ga and As being 17.1 μmol min −1 and 164 μmol min −1 , respectively. Diethyltelluride (DETe) was used to provide Te as an n-type dopant with a concentration of 100ppm in H 2 such that the DETe molar flow rate was 0.13 μmol min −1 . After the first growth step, the NW pedestals were cooled to room temperature under H 2 and transferred in air to an ALD system where they were coated in a 2nm thick aluminum oxide, Al 2 O 3 , using the precursors trimethylaluminum (TMAl) and H 2 O. Argon was used as the carrier gas of the precursor vapors into the reaction chamber maintained at 250°C and 120mTorr. Samples were then returned to the MOVPE reactor and annealed at 550°C under TBAs and H 2 for 180 s. A subsequent restart of axial growth, or regrowth of the GaAs NWs occurred at 400°C for 300 s using the same or one third DETe flow rate of the initial pedestal growth. Finally, the NWs were cooled to room temperature under H 2 gas.
Fe was electrochemically deposited onto the regrown NWs using a PMMA mask to define deposition areas (5 mm diameter), with a patch of In-Ga alloy applied on the backside of the substrate as an ohmic contact. The native oxide of the exposed GaAs surfaces was etched by immersing the sample in 10% aqueous ammonium hydroxide ((NH 4 )OH) for 12 s and in de-ionized water for 10 s, just prior to the initiation of the electrodeposition. Galvanostatic electrodeposition was then carried out in an open glass beaker using a Pt wire, counter electrode and a static aqueous electrolyte (0.1M FeSO 4 and 0.3 M (NH 4 ) 2 SO 4 ) at room temperature. The electrodeposition was a two-step process consisting of an initial potential pulse followed by a constant current density (8.25mA cm -2 ) at a lower voltage for 30 s. The pulse of −4V was the result of a rapid plunge of the pre-polarized substrate into the electrolyte ('hot plunging').
Two-terminal EBIC measurements were carried out in a dual-beam (Ga ions or electrons), field-emission SEM (FEI DB235) on as-prepared NWs, without removing them from the GaAs substrate. The GaAs substrate and a fixed tungsten wire tip were used as the backside and top contacts, respectively. The tungsten probe tip was etched in situ via the focussed Ga ion beam (FIB, 30 keV, current 300 pA) to facilitate ohmic contact formation with the Au nanoparticles at the top of each NW. Before each EBIC measurement, a current-voltage (I-V ) curve was obtained using a computercontrolled power supply (Keithley 4200-SCS, input impedance: >10
13 Ω, input leakage current: <30pA, current resolution: 0.1pA) to confirm a low-resistance contact to the Au or Fe. EBIC data as a function of NW position, and beam energy, was collected simultaneously with energy dispersive x-ray spectroscopy to link electronic properties to spatial coordinates. A typical scan lasted 140±10 s depending on the length of the NW, given that the step size was 4nm and time per point was 500 ms. EBIC profiles were obtained as a function of beam energy (5, 10, and 15 keV) and constant reverse bias applied to the top contact. Average beam currents, as a function of beam energy for a fixed spot size, were measured using a built-in Faraday cup in a grounded sample stage, and ranged from 70 to 120pA over the energy range 5-15 keV. Figure 1 shows representative SEM secondary electron images (SEI) of NWs before (a) and after electrodeposition (b) and (c). The as-grown Au/GaAs NWs in (a) are uniform in diameter, ranging from 90 to 200nm. The deposited ALD oxide layer is identified by the brighter secondary-electron emission visible from the bottom section of each NW. The initial MOVPE growth resulted in NW pedestals with a uniform height of 800 nm [20] . During the second MOVPE growth, only those NWs with diameters greater than 160±25nm were able to successfully regrow through the ALD oxide layer on the Au NPs. The red arrows in figure 1 indicate where the regrowth was initiated by thermallyinduced fracture of the oxide shell around the Au nanoparticle [20] .
Results and discussions
The morphology of the Fe deposit depended on the rate of its initial nucleation. Figure 1 (b) shows NWs where the thickness of the Fe shell is 72±3nm at the top Au/GaAs junction and reduces to 4±1nm at the regrowth junction, in a reverse tapering of 7.7±0.2%. The Fe nucleated faster on the Au particles, with a reduction in rate along the GaAs, forming a tapered shell. Figure 1 (c) shows NWs from the same substrate, where a more uniform Fe shell thickness, 67±3nm, formed down to the ALD layer. These NWs were located at the bottom part of the deposited region that contacts the electrolyte first during the 'hot plunging' process. They experienced a much higher initial current density that led to a rapid nucleation and thus a relatively uniform Fe shell. Note that the Fe did not grow on the Al 2 O 3 -coated areas, including the short pedestals and the bottom section of the NWs. It always grew epitaxially-aligned with the underlying singlecrystalline (110) GaAs NW sidewall orientation, as we have previously reported [22] .
Figure 1(d) shows typical semi-log, I-V characteristics from as-grown (black, open circles), and corresponding Fe-electrodeposited (red, filled triangles) Au/GaAs NW diodes, normalized by the cross-section areas. Both sets are rectifying. The Fe-deposited NWs show a higher current density compared to the Au/GaAs NWs, expected from the lower-resistance current path in the Fe shell. The barrier heights and ideality factors of the Au/GaAs diodes for the asgrown NWs were estimated as 0.54±0.03eV and 1.52±0.03, respectively, based on thermionic emission theory [23, 24] , consistent with the previous report [22] . The bulk resistance R of the NWs was extracted from the high forward bias region (0.7-1V) where the junction barrier is exceeded. The average resistivities r = RA L were calculated as 21±2 mΩ cm, and the corresponding dopant concentrations were then estimated as (9 ± 1)×10 17 cm −3 , leading to surface depletion widths of 30±2nm [25] . Figure 2 shows an SEM (SEI) image and associated EBIC profiles obtained from an as-grown Au/GaAs NW with a diameter of 173±2nm. The current is plotted as a function of axial beam position along the center of the NW (reverse bias 0.2 V) for two beam energies, 5keV (black) and 10 keV (green) beam. The dashed red lines in the SEM image indicate the positions of maximum EBIC current magnitude for the two profiles. They are seen to be shifted from the Au/GaAs interface, further into the GaAs for the 10 keV beam compared to the 5 keV beam, resulting from the larger interaction volume of the 10 keV beam. The maximum current magnitude from the 10 keV beam is somewhat lower than that of the 5 keV beam. This is due to the penetration depth of the 10 keV beam in GaAs being greater than the diameter of the NW, resulting in a lower absorbed beam energy. The little valley associated with the gold is due to scattering from surface metal contaminant particles. Note that the currents are negative, as expected from the built-in field direction within the junction. Thus, the valleys in the EBIC current in this paper have the highest absolute currents. The theoretical EBIC current, I, as a function of distance from a junction, x, neglecting surface trapping and recombination, is given by [1]
x L 0 where I 0 is the maximum current, and L is the minority carrier diffusion length, assuming low carrier injection conditions. Notice that finite current away from the junction results from the total integrated leakage current of the device at reverse bias. The inset in figure 2 shows a magnified semi-log plot of the 5 keV absolute current value profile, after subtracting the background current, with the red line a best linear fit. From the slope, L is 58±5nm, based on equation (1), within the reported range for 4×10 17 cm −3 Te-doped NWs, 60-120nm [16] . Figure 3 shows SEM (SEI) images with associated EBIC profiles (5 keV) for two GaAs/Fe NW, with a tapered (top) and uniform (bottom) Fe thickness, plotting current as a function of axial beam position (reverse biased 0.2V). In the top case, the Fe shell is 76±2nm in thickness at the Au/ GaAs junction, which reduced to 5±1nm in thickness at the regrowth junction, with a reverse tapering of 7.5±0.1%. Results from two scans are shown, from the Au top to the bottom (black) and from the bottom to the top (red). The left dash line indicates the position of the Au interface while the right indicates the beginning of the Al 2 O 3 . Current was detected beginning 75±3nm distance away from the Au interface. As the beam scanned towards the bottom, the current increased linearly with fine scale variations averaging 10% of the maximum current. The average period of the oscillations is 31±4nm, comparable with the average size of the surface facets, 30±6nm. At 600 nm away from the Al 2 O 3 the current began to decrease linearly and then more rapidly when on top of the Al 2 O 3 coated region.
In the main body of the GaAs/Fe NW, the minority carriers diffuse radially to the GaAs/Fe NW interface, perpendicular to the coaxial equipotential of the Fe shell contact. At the ALD coating, the current decreased exponentially and could be fitted well again with equation (1), giving a minority carrier diffusion length of 80±10nm. This is greater than the minority carrier diffusion length obtained from the Au/GaAs junction, indicating that the pedestals had a lower surface recombination rate due to the oxide coating, given that their dopant concentration was the same as that of the regrown GaAs NWs. Notice that the fine scale variation in the EBIC current was reproducible, independent of the direction of the scan.
The bottom NW shown scanned in figure 3 had a relatively untapered Fe shell, 75±8nm in thickness, but shorter in length. Its corresponding EBIC signal obtained scanning from the top to the bottom, is the blue dashed curve. The profile is relatively flat with a reduction in current as the beam approached the ALD end. A Monte Carlo (MC) simulation using CASINO v2.5 [26] was employed to simulate the electron beam-matter interaction for a 5 keV beam, yielding maximum penetration depths of 95nm and 130nm in Fe and GaAs, respectively. Therefore, the electron beam barely penetrates a 75nm thick Fe shell and certainly not into the GaAs core. It is therefore, evident that the linear increase in the EBIC current of the tapered Fe NW is a thickness effect from the Fe shell, given that both NWs were from the same as-grown GaAs NWs with similar dopant concentrations.
EBIC measurements as a function of accelerating voltage, at a reverse bias of 0.2V, are shown in figure 4 . The black, green and blue curves are EBIC signals for beam energies of 5 keV, 10 keV and 15 keV, respectively. Note that the maximum EBIC current occurred for the 10 keV beam with a reduction occurring for the 15 keV in comparison. The valley that appears at 150±10nm away from the regrowth region for all three beam energies, can be attributed to an abrupt lowering in the doping level at that position. In comparison to the 5 kV EBIC signal, the higher energy beams result in a laterally-uniform EBIC signal within the main body, and much smaller amplitude oscillations. The tapered Fe shell thickness had little effect on the signal amplitude. Nevertheless, there remains a small oscillation that is apparently determined by the position of the beam on the NW. It should be noted that the laterallyuniform EBIC signals at higher beam energies indicate the dopant concentration was also uniform along the NW axis.
Discussion
Oscillations in the EBIC current profiles were observed from the sidewall, Fe/GaAs junctions. Their period (31 ± 4nm) was comparable to the interfacial grain sizes, 30nm of similar Fe films (room temperature growth) [27] . We believe that they are associated with minority carrier diffusion and the interfacial structure of the deposited Fe, rather than due to other factors, such as Fe thickness variations.
Variations in the Fe thickness would affect the beam current into the GaAs, and Fe surface roughness was evident from the surface facets visible in the SEM images. However, EBIC scans as a function of the sample tilt angle did not affect the oscillation period nor phase when properly rescaled. Figure 5 shows a replot of the perpendicular 5 keV scan from the NW in figure 4 (solid line) overlaid with a scan obtained with the same sample tilted 45°(dotted line, position rescaled). Tilting increased the effective thickness of the Fe shell in the path of the beam and therefore further attenuated the beam compared to the perpendicular surface, leading to a smaller EBIC current. This is because the 5 keV beam was sensitive to the variations of the Fe thickness as shown in figure 4 . Nevertheless, compared to the solid line, the valleys and peaks in the dashed line of the tilted sample are very similar in shape and phase. Figures 5(b) and (c) show schematic diagrams illustrating the possible effect of magnified surface facets on the interaction with the Fe. Assuming the facets are symmetric triangles in geometry, the two distances A and B are equal in (b) for a perpendicular incidence, whereas A is wider and B is compressed when the beam hits at an angle as shown in (c). If it was the surface facets that led to the oscillations in EBIC current, then A and B would correspond to the two shoulders of a single peak. However, the oscillations did not show changes in periodicity, neither expansion nor compression.
It should be noted that oscillations remained visible and at the same spatial locations for higher beam energies, although with much smaller amplitudes (figure 4). The EBIC currents for V acc =10 and 15kV were relatively constant from 50 to 5nm Fe, indicating the beam energies were so high that the attenuation by the Fe shell was negligible. Given that the magnitude of the surface roughness was no greater than 5±2nm from the cross-sectional SEM images, variations in the Fe thickness were ruled out as the sources of the oscillations in the current. In order to investigate the mechanism of the formation of these oscillations, a model was developed to simulate the EBIC current for different energy beams.
The generated excess minority carrier density in the material is given by [28] :
where τ is the lifetime of the minority carriers, V is the volume and the total generation rate, G 0 , is the generation rate of e/h pairs excited by the e-beam per second, expressed as:
where I b is the impinging current on the sample, f the fraction of the electron beam energy being backscattered by the sample, and E eh the energy expended by the incident electrons in the formation of per e/h pair. Then, the EBIC current is given by
where q is the elementary charge and Σ is the fraction of the minority carriers collected. I EBIC consists of the current generated in the space charge (where Σ is assumed=1, ignoring any recombination) and quasi-neutral regions, where Σ drops to a fraction. For simplicity, the generation rate of e/h pairs is often estimated as an average value assuming a uniform energy distribution over the interaction volume. However, for nanostructures, especially when the sizes are smaller than the interaction volume of the beam, the non-uniform energy distribution has to be taken into account to calculate the actual generation rate. Figure 6 shows a schematic of the electron energy distribution within the interaction volume of an Fe/GaAs NW. Let G i be the local generation rate of e/h pairs per unit volume, a function of the position in the interaction volume. Therefore, the EBIC current can be written as: where
and η i and V i are the energy distribution factor and associated volume, respectively, of the ith region labeled by the color legend in figure 6 . The energy distribution factor is the percentage of the original beam energy in the respective region. The e/h generation rate per unit volume, decreases as a function of depth, as seen by its tear drop shape in figure 6 . Most of the energy deposition (90% as indicated by the black area) occurs within a very small fraction of the total interaction volume (yellow outline) near the top. When the electron penetration depth is smaller than the NW diameter, the total generation rate can be calculated using equation (3) . As the beam energy increases and the penetration depth becomes greater than the NW diameter, the generation rate inside the NW becomes a fraction of the total generation rate feasible in a thicker material. Therefore, if ¢ V i is the portion of the ith region that is inside the NW, the generation rate in equation (4) can be rewritten as:
To estimate ¢ V i and V i for different energy beams, MC simulations were applied. Given that f and E e h for GaAs are 0. 16 [16] .
Therefore, the calculated Δρ (equation (2) EBIC currents were simulated considering the nonuniform beam energy distributions and assuming the collection efficiency Σ as unity in all regions. Figure 7 shows a comparison to the experimental data from figure 4 for the beam hitting the 5nm Fe/160nm GaAs NW near the ALD end. At that position, I EBIC =46 nA, 37nA, and 28nA for V acc =5kV, 10kV, and 15kV, respectively, after subtracting the background current. On the other hand, the decrease in simulated EBIC current at higher V acc predicted by the non-uniform energy distribution model with increasing beam energy is consistent with the experimental data, shown by the solid black line. These simulations differ greatly from the experimental data however the overall trends are similar.
The discrepancy between the simulations and the experimental data can be explained by the following factors. The collection efficiency in the above model was assumed to be 1 everywhere, whereas in reality the quasi-neutral regions will have a lower collection efficiency compared to the depletion regions. Moreover, the MC simulations were carried out assuming the sample was amorphous, while the Fe and GaAs NWs are crystalline, resulting in likely a longer penetration depth from channeling compared to the simulations. Consequently, the simulated generation rates inside the NW and EBIC currents were higher than the experimental data. To fit the simulations with the experimental data the actual average Σ can be estimated as 0.65, 0.57 and 0.55 V acc =5kV, 10kV and 15kV, respectively. Σ is lower for higher beam energies likely due to their higher energy distribution in the quasi-neutral regions where the collection efficiency is rather low.
The amplitude of the EBIC oscillations decreased with increasing beam voltage. As a percentage of the current, this was a decrease from 5% to 2% and 1% for V acc =5 kV, 10 kV, and 15 kV, respectively. This is consistent with the fraction of e/h pairs generated near the interface, decreasing with increasing beam energy. This is also in good agreement with the results from sample tilting experiments where the oscillation period was not affected. Moreover, there was not a significant change in the period or amplitude of the oscillations as a function of increased reverse bias.
The EBIC current is mainly attributed to holes generated within the depletion regions (30 ± 2nm) plus some fraction that are within a diffusion length (58 ± 5nm). Any changes to the electronic structure at the Fe/GaAs interfaces would impact the detected current. The axial energy distribution or axial dose function at fixed depth are Gaussian in shape [30] with a standard deviation that increases with accelerating voltage (5-15 kV) . The oscillations in current result from a convolution of the generated hole distribution near the interface (in the depletion region) with any periodic interfacial changes. The interfacial structure must have a period of approximately 30 nm, directly associated with the Fe surface facets and consistent with the spatial period of the oscillations in the current. This is likely related to a charged oxide layer that varies laterally in thickness, perhaps greater at the original coalescence boundaries of the Fe film. This would cause lateral variations in the resistance, barrier potential, and density of recombination traps.
Conclusions
We have fabricated epitaxial, single-crystalline Fe contacts onto Al 2 O 3 -isolated, Te-doped n-type GaAs NWs using galvanostatic electrodeposition. Axial thickness uniformity of the deposited Fe can be controlled by the current density during nucleation. EBIC measurements were carried out on freestanding GaAs NWs in situ in the SEM without removing them from the substrate or using e-beam lithography. The minority carrier diffusion length in the non-Fe-coated regions was measured as 50-90nm for (9 ± 1)×10 17 cm −3 doped Au/GaAs NWs, consistent with previously reported values. EBIC current from diffusion of holes within the n-GaAs core to the Fe shell was successfully observed and shown to depend on the interfacial effects. There was no abrupt change in the EBIC current near or at the regrowth region of the NW, suggesting that any defects introduced by the ALD or the regrowth processes was an insignificant source of trapping. The homogeneity of the dopant along the NW was confirmed by scanning with a high energy beam.
A model was employed to explain the effects of beam energy and Fe thickness on the EBIC results involving nonuniform electron energy distributions to estimate the generation rates and excess minority carrier densities. The EBIC currents were simulated using this model and an average collection fraction, Σ=0.6 was obtained. Fine oscillations detected in the EBIC current as a function of axial position were reproducible, most evident at lower electron beam energies. We believe that these oscillations originated from interfacial spatial variations in the hole conductivity at the Fe/GaAs interface, likely due to changing recombination rates or resistance from the presence of oxides at the Fe nucleation grain boundaries.
